Background: Peripherin, a type III neuronal intermediate filament, is widely expressed in neurons of the peripheral nervous system and in selected central nervous system hindbrain areas with projections towards peripheral structures, such as cranial nerves and spinal cord neurons. Peripherin appears to play a role in neurite elongation during development and axonal regeneration, but its exact function is not known. We noticed high peripherin expression in the posterior hypothalamus of mice, and decided to investigate further the exact location of expression and function of peripherin in the mouse posterior hypothalamus.
Background
Peripherin, a type III neuronal intermediate filament protein, is widely expressed in neurons of the peripheral nervous system (PNS). It is also expressed in a restricted set of brain stem and spinal cord neurons that usually project towards peripheral structures. Most notably, expression of peripherin was demonstrated in several motor nuclei of cranial nerves, ventral horn motor neurons and in the cholinergic laterodorsal tegmentum (LDT) and pedunculopontine tegmentum (PPT) nuclei. In addition, a few unidentified neurons of the posterior hypothalamus contained peripherin, whereas it was absent from the major monoaminergic nuclei of the brainstem and midbrain [1] [2] [3] .
Peripherin can self-assemble or co-assemble with other neurofilament subunits to form intermediate filament networks [4] . Developmental expression peaks during the axonal growth phase and decreases postnatally [5] , suggesting a role in neurite elongation during development. The expression of peripherin is also upregulated after neuronal injury e.g. in motor neurons and dorsal root ganglia after peripheral axotomy, supporting a role for this protein in axonal regrowth [6, 7] . It should be noted, however, that in spite of the fact a majority of spinal cord motoneurons express peripherin, peripherin knockout (KO) mice exhibit no overt phenotype, develop, survive and reproduce normally. Motoneuron morphology, neurite outgrowth and axonal path finding also appear normal in these mice, although a subset of small unmyelinated sensory fibers are lost. This may be explained by redundancy and the presence of type IV intermediate neurofilaments in many neurons. The exact function of peripherin is thus not known [8] .
Overexpression of peripherin interferes with anterograde axonal transport. As a result, neurofilament aggregates form in neuronal somata and axons, ultimately producing spinal motor neuron death in overexpressing transgenic mice [9, 10] . Such an accumulation of peripherin-containing neurofilaments has also been demonstrated in degenerating spinal motor neurons of amyotrophic lateral sclerosis patients and in the murine model of this disease, i.e., the transgenic mice expressing a mutant of the superoxide dismutase-1 (SOD1G37R), a motor neuron disease characterized by loss of motor neurons resulting in paralysis and death [11] [12] [13] .
Peripherin may also be involved in the pathology of insulin-dependent diabetes mellitus (IDDM). Indeed, the protein is a known target autoantigen in the nonobese diabetic mouse model, where islet cell infiltrating B-cell clones reactive to peripherin have been identified early in the course of the disease. Peripherin is produced by both the PNS and, in young animals, by islet β cells, so it is con-ceivable that this immune response is involved in the destruction of both PNS elements and islet β cells in IDDM, although no direct involvement of this antigen has yet been shown in human patients [14] .
During a microarray experiment comparing the gene expression of the posterior hypothalamus with that of the lateral hypothalamus in mice, we found a sixty-fold higher expression of peripherin in the posterior hypothalamus. We therefore have used in situ hybridization (ISH), immunocytochemistry (ICC) and in vivo recordings in mice overexpressing peripherin [9] , peripherin KO mice [8] and their littermates to study the expression and function of peripherin in the posterior hypothalamus. We report that peripherin is expressed by the histaminergic tuberomammillary (TM) neurons of the posterior hypothalamus and that KO and transgenic animals exhibit no obvious phenotype.
Results

Neuroanatomical studies
ISH with a 35 S-labelled probe indicated expression of peripherin in the posterior hypothalamus ( Fig 1A) . Staining with a digoxigenin labelled probe demonstrated a distribution of the peripherin signal in neurons with a distribution reminiscent of the histaminergic neurons ( Fig  1B) . Double ISH staining with a digoxigenin labelled peripherin probe and a 35 S-labelled probe for the histamine-synthesizing enzyme histidine decarboxylase (HDC) indicated colocalization, showing that peripherin is expressed in the histaminergic TM neurons ( Fig 1C) . We did not detect reliable expression of peripherin in any other part of the forebrain. Peripherin mRNA signal was absent in peripherin KO mice. Double ICC staining for HDC and peripherin revealed extensive colocalization, showing that peripherin immunoreactivity is located in histamine-producing neurons across the entire TM nucleus (Fig 2) . Almost all (> 95%) TM neurons were stained for both proteins, although single neurons stained for only one of the proteins were occasionally seen. This lack of staining was usually seen when the general staining for the antigen was weak and may thus have been caused by low sensitivity. Neurons that stained only for peripherin were only occasionally seen in this part of the brain.
Histamine ICC was used to study whether altered peripherin expression would affect TM neurons and their processes. After histamine ICC, comparisons between peripherin KO, overexpressing and WT mice did not reveal any visible difference in the appearance of TM neurons or in the density of histamine immunoreactive axons in any of the studied brain regions.
Measurement of locomotor activity, feeding, drinking, and energy expenditure in peripherin KO animals
Central histamine has been implicated in the regulation of sleep-wake regulation, cognition, metabolism, and appetite regulation. Three months old female and male heterozygotic (Hz) and homozygotic (H) littermates were introduced to the recording chambers at Zeitgeber time (ZT) 10 (i.e., two hours before lights-off). There was no significant difference in body weight between the Hz and H mice ( Table 1 ). Upon entering the chambers, all mice displayed a brief period of exploratory behaviour and the level of locomotor activity (LMA) gradually returned to daytime baseline after 1 hour. This adaptation period was similar between both genotypes (data not shown). Both genotypes displayed diurnal rhythms in LMA, drinking, feeding and energy expenditure with all the parameters higher during the dark period and lower during the light period. The respiratory quotient (RQ), an indicator of the type of substrate being utilized, also exhibited a significant diurnal rhythm in both genotypes. During the day, when mice are mostly resting and not feeding, the RQ was lower, indicating a higher fat utilization. The diurnal patterns and the average values of all the parameters for 24 h, daytime and nighttime were not significantly different between the genotypes (Table 1) . Two-way ANOVA revealed significant differences in LMA, drinking and energy expenditure (EE) between sexes, whereas no interaction between sex and genotype was found.
As the other physiological parameters didn't suggest any major behavioral differences, and due to a lack of sufficient numbers of animals, sleep was not directly accessed in these animals. As a proxy, we measured LMA at 1 min interval and studied the distribution of active (wake) and inactive (sleep and quiet wake) bouts during the day and night [15] . This algorithm was tested in hypocretin-ataxin mice that display significant sleep/wake fragmentation compared to wild type (WT) littermates. As these mice were included solely to validate the algorithm, we decided that it was sufficient to only test it on female mice. As expected the active/inactive state distribution was significantly shifted to shorter active and inactive periods. According to this algorithm, each minute with an activity level of more than 6 counts is considered as active state, and the rest is quiet states. The duration and number of each continuous state is then calculated, a distribution plotted ( Fig. 3 ) and subjected to statistical analysis. In comparing narcoleptic and control mice, we found that episodes of short duration (< 20 min) were significantly more frequent in ataxin-hypocretin transgenic (TG) than in WT mice (150.3 ± 6.3 vs. 118.6 ± 11.9, p = 0.035, n = 8 each) while active episodes of long, consolidated, duration (> 40 min) were less frequent in TG than in WT mice (1.8 ± 0.6 vs. 4.5 ± 0.7, p = 0.011.05, n = 8 each). Conversely, inactive episodes of short duration (< 5 min) were significantly less frequent than in WT mice (124.3 ± 6.4 vs. 88.3 ± 12.8, p = 0.025, n = 8 each). These results validated the use of activity bout measurements as a partial proxy for the study of sleep, as these results closely mimics sleep/wake distribution abnormalities in these mice based on traditional sleep recording [15] . In contrast to the results obtained above, when we compared histograms and means for the peripherin KO Hz and H mice, we could not detect any significant difference in LMA or any of the other recorded parameters (Fig. 3) .
In situ hybridization of peripherin Figure 1 In situ hybridization of peripherin. The expression of peripherin mRNA was studied with ISH. The autoradiogram in A shows a mouse brain section hybridized with a 35 S-labelled peripherin probe. The selective staining of the TM nucleus is evident. In B, a digoxigenin labelled mRNA probe reveals the distribution of peripherin expressing neurons in detail. The distribution is very similar to the histaminergic TM neurons. In C, neurons of the lateral TM that were hybridized simultaneously with a digoxigenin labelled probe for peripherin and a 35 S-labelled probe for HDC are shown. The alkaline phosphatase staining for peripherin, which differentiate the neurons from the background, is colocalized with the silver grains that indicate the localization of HDC expression. 3 V, third ventricle. Scale bar 100 μm in B, 20 μm in C.
Discussion
In this study we have shown that histaminergic TM neurons produce peripherin, a neurofilament mainly expressed in neurons with long axonal projections to the periphery. TM neurons send out axons that innervate most parts of the brain and, at a lower density, the spinal cord [16, 17] ; innervation of peripheral targets by these neurons has never been described. Expression of peripherin in TM neurons suggested that these neurons may need this protein for elongation or projection path-finding. To test this hypothesis, we used immunostaining to study histaminergic axons in the brain of peripherin KO and over-expressing mice, but we could not observe any difference in the distal innervation in any of the studied regions. This negative result is in agreement with the findings of Larivière and co-workers [8] , who studied the KO mice and, apart from the absence of a subset of spinal sensory axons, found no morphological abnormalities in these animals.
TM neurons have been implicated in the regulation of waking and feeding behaviours [18] , and their activity is strongly associated with behavioural state; they fire tonically in a regular pattern during waking but not at all during deep slow wave sleep and rapid eye-movement sleep [19] . Inhibition of histamine release or treatment with histamine H 1 receptor antagonists lead to an increase in cortical slow activity and increased sleep, whereas increased histamine signalling induces cortical desynchronization and decreases sleep [20] [21] [22] [23] . Furthermore, mice lacking either HDC or the H 1 receptor are incapable of prolonged activity and wakefulness, most notably in a novel environment, and also have a disturbed circadian rhythm of locomotor activity [24, 25] . There is also evidence that histamine is involved in the control of feeding. Indeed, increased CNS histamine concentration decreases feeding in rats, whereas feeding is increased by H 1 receptor antagonists or by inhibition of histamine synthesis [26, 27] .
Larivière and co-workers [8] did not observe any obvious phenotype in peripherin KO mice. They did not measure activity level, however, so to further explore the possibility of a behavioural phenotype in these mice, we studied the circadian pattern in LMA, energy expenditure, feeding and drinking. We could not detect any significant difference between peripherin KO mice and controls, however, so the function of peripherin in the TM and other neurons that could influence such behaviors will need more study. Earlier studies suggest a role for peripherin in axonal elongation and repair, and there is also some evidence for a role in hippocampal synaptic plasticity [28] , and transient events, such as axonal rewiring or synaptic reorganization, which also could be expected to cause rather subtle changes, could have gone undetected in our study. It is also possible that we would have found a difference between KO and control mice if we had used some type of behavioral or pharmacological challenge or sleep deprivation.
It was recently demonstrated that many islet-infiltrating Bcells in IDDM produce antibodies that are specific for peripherin and therefore recognize the PNS, which could explain the neuropathy that is commonly seen in IDDM [14] . Another protein that is produced by islet β-cells as
Immunostaining of HDC and peripherin Figure 2
Immunostaining of HDC and peripherin. We preformed double immunocytochemistry for HDC and peripherin. There is an extensive colocalization of the two proteins in the TM neurons. In A, the ventral/lateral part of the TM nucleus is stained for HDC in red. In B the same area is stained for peripherin (green). The staining for the two proteins is digitally merged in C. Neurons that are stained for both HDC and peripherin appear yellow in this picture. Most neurons are stained for both antigens. Scale bar 20 μm.
well as many CNS neurons, glutamic acid decarboxylase (GAD), is an important autoantigen in both IDDM and stiff-man syndrome, an uncommon CNS disorder caused by impaired GABAergic neurotransmission that often coexist with IDDM [29, 30] . It is not known whether peripherin autoimmunity may cause damage to the PNS or CNS, but if the autoimmune mechanisms directed towards peripherin leads to attacks on CNS neurons in the same manner as GAD-specific antibodies target GABAergic neurons, the TM neurons could be especially susceptible, as they in addition to peripherin also express GAD [31] .
The expression of peripherin in the brain stem and spinal cord is largely restricted to cholinergic neurons. Thus, peripherin immunoreactive neurons include autonomic motor neurons, preganglionic sympathetic neurons, neurons in the PPT and LDT, as well as brain stem and spinal cord motor nuclei [1] . This, together with the recent finding that the TM neurons express a peripheral splice variant choline acetyl transferase, [32] hint at the possibility that the expression of peripherin is somehow linked to cholinergic neurotransmission.
For the double ICC stainings we needed a marker that stains all TM neurons selectively. There are several markers for these neurons available. Antiserum against histamine stains these neurons very well [16] , but the best antiserum available needs a special fixative (see methods), which is incompatible with some antigens and, as we found out, this includes peripherin. The TM neurons also contain GAD and GABA. Antisera against these two compounds tend to be difficult to use and are not selective for the TM neurons, as there are other GABAergic neurons close to the TM nucleus. Antisera against adenosine deaminase stain TM neurons in the rat [33] , but to our knowledge this has not been reported from any other species, and in our experience these antisera don't stain mouse TM neurons at all. There are several neuropeptides present in the TM neurons, but there is considerable interspecies variation and antisera against these peptides tend to only stain a fraction of the TM neurons [31] . In the light of the above, HDC, and possibly GAD or GABA, were the only markers we could think of that would stain all the TM neurons in formalin-fixed mouse tissue. Therefore, we think that peripherin will be a useful addition to the repertoire of markers for TM neurons, as it is highly specific for these neurons in the hypothalamus.
Conclusion
In conclusion, we have shown that peripherin is expressed in the TM neurons of the mouse hypothalamus. We could not detect any neuroanatomical or behavioural phenotype in mice either lacking or overexpressing peripherin, so the significance of peripherin in TM neurons remains to be determined. The complete overlap between HDC and peripherin, both the protein and its mRNA, makes it a useful new marker for TM neurons. 
Methods
Mice and tissue preparation
Experiments were performed using peripherin KO mice of mixed 129/C57Bl/6 background that have a targeted disruption of the peripherin gene [8] , peripherin overexpressing TG mice of C57Bl/6 genetic background carrying 20 copies of the peripherin gene [9] and their WT littermates. Ordinary C57BL/6J mice were used in some double stainings due to a shortage of littermates. Three female 10-15 weeks-old mice of each genotype were given an overdose of pentobarbital and perfused transcardially with either 10% neutral buffered formalin or, for histamine ICC, wit h 4% 1-ethyl-3(3-dimethyl-aminopropyl)carbodiimide and 0. Hypocretin-ataxin TG mice (N8 and beyond, thus considered pure C57Bl/6) expressing a truncated Machado-Joseph disease gene product (ataxin-3) with an expanded polyglutamine stretch specifically in hypocretin neurons [34] were used to develop the algorithm for predicting sleep/wake pattern based on LMA data measured. The expression of ataxin-3 in hypocretin-expressing neurons causes cell death, and the transgenic mice display significant sleep/wake fragmentation compared to their wild type littermates [15] . Eight female TG mice of age 7 months and 8 WT female littermates were used for this study.
Measurement of locomotor activity
All efforts were made to minimize animal suffering and to reduce the number of animals used. The study was approved and conducted in accordance with the guidelines of Stanford's Administrative Panel for Laboratory Animal Care. . Single stainings of each protein were done to verify results. Stainings where either primary antiserum were excluded were also done to examine the possibility of cross-reactions. For histamine a rabbit-antihistamine serum (1:500; Chemicon) was used. After washing, slides were incubated with Alexa Fluor 488-conjugated donkey-anti-rabbit serum (Molecular Probes). All steps were performed at RT and slides were washed for at least 20 min after each step. Finally, micrographs of the alkaline phosphate staining for mRNA and fluorescence stainings were taken with a microscope equipped with a digital camera.
In situ hybridization
Measurement of locomotor activity, feeding, drinking, and energy expenditure
Mice (for peripherin KO line, 6 Hz females, 6 H females, 5 Hz males, 5 H males, age 3-4 months; for hypocretinataxin transgenic line, 8 WT females, 8 TG females, age 7 month old) were introduced to an 11 × 31 × 12 cm Plexiglas recording chamber for indirect calorimetric measurement of oxygen consumption and carbon dioxide production (Oxymax, Columbus Instruments, Columbus, OH). Room air was supplied to the chamber at a flow rate of 570 ml/min, and was referenced every hour during measurement. Each chamber was equipped with real-time monitoring of powdered food intake, cyclic measurements of water intake through volumetric detectors and of LMA through infrared monitors. This system allows simultaneous measurement of 16 animals at a time with indirect calorimetric measurements cycling through the chambers once every hour, measuring one chamber at a time. Mice spent at least 48 hours adapting to the environment; data collected after this adaptation period were used in the analyses. Bodyweight was measured before and after each experiment to ensure animal health.
Feeding, drinking, and energy expenditure data were all adjusted for a body weight of 30 g. Energy expenditure was calculated from measured oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ): EE = 3.815 × VO 2 + 1.232 × VCO 2 . Respiratory quotient was defined as: RQ = VCO 2 /VO 2 . Data were analyzed with Student's ttest and two-way ANOVA. 
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